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Trends of water useAbstract Understanding of water resources and trends of water consumptions is important to
offer sustainable water resources management strategy. In this research, water resources and trends
of water consumptions in Saudi Arabia were investigated. The non-renewable groundwater reserves
were estimated to be 259.1–760.6 billion cubic meters (BCM) with an effective annual recharge of
886 million cubic meters (MCM). The total internal renewable water was estimated to be 2.4 BCM/
year. Approximately 1.4 BCM/year of runoff is collected by 302 dams. The country produces
approximately 1.06 BCM desalinated water annually. The wastewater treatment plants treat
approximately 0.73 BCM/year of domestic wastewater from which 0.33 BCM is recycled. The water
demand in 2009 was 18.51 BCM in which 83.5% were for agriculture. From 2004 to 2009, agricul-
tural water demand was decreased by 2.5%/year, while the domestic and industrial water demands
were increased by 2.1%/year and 2.2%/year, respectively. Between 1999 and 2008, domestic water
subscribers were increased by 22.7%, while the annual domestic water consumption was increased
from 1391 (609–2164) to 3818 (1687–7404) m3/subscriber. The industrial water demands were
increased from 56 to 713 MCM/year between 1980 and 2009. Following characterization, nonlinear
equations were developed to predict the domestic, industrial and agricultural water demands. The
predicted water demands were within 1–10% of the historically reported values. The ﬁndings might
be useful in understanding water sources, water demands and identifying new sources for sustain-
able water resources management.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Figure 1 Principal aquifers for groundwater in Saudi Arabia.
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The kingdom of Saudi Arabia is located in the arid region
(Lat. 16.5–32.5 N; Lon. 33.75–56.25 E), which has low average
annual rainfalls (FAO, 2009). The kingdom has the oil based
economy, covering approximately 90% of foreign export earn-
ings, which has accelerated the comprehensive development
coupled with population growth and living standards (SSYB,
2008; Elhadj, 2004). The population has increased from
6.9 million to 26 million in 39 years (1972–2011), resulting in
the signiﬁcant increase of water use (CIA, 2011). The total
water consumptions in 1990, 1992, 1997, 2000, 2004 and
2009 were reported to be approximately 27000, 31500, 18500,
20500, 20200 and 18500 million cubic meter (MCM), respec-
tively (Abderrahman, 2000a,b; MOEP, 2010). The high water
demands in 1990 and 1992 were due to extensive agricultural
activities during these periods. The agricultural water demands
were 83–90% of the total water demands during 1990–2009.
To address the water conservation policy, Saudi Arabia has
adopted a strategy to reduce agricultural water demands by
reducing agricultural productions and/or by introducing ad-
vanced irrigation techniques, which has resulted in 2.5%/year
reduction in irrigation water demands between 2004 and 2009
(MOEP, 2010). Conversely, water demands in the domestic
and industrial sectors were increased by 2.1 and 2.2% per year,
respectively during this period (MOEP, 2010).
The water demands in the kingdom are satisﬁed by the non-
renewable groundwater sources, renewable surface and
groundwater sources, desalinated water and treated wastewa-
ter (TWW), among which the non-renewable groundwater
sources supply the most followed by the renewable surface
and groundwater sources, desalinated water and TWW
(MOEP, 2010). The source speciﬁc data show that the supplies
from the renewable surface and groundwater sources were in-
creased from 5410 to 5541 MCM per year between 2004 and
2009 (0.5%/year increase). The non-renewable groundwater
supplied approximately 13500 and 11550 MCM in 2004 and
2009, respectively (3.1% decrease/year). The desalinated water
supplied approximately 1070 and 1048 MCM in 2004 and
2009, respectively (0.4% decrease/year). Reuse of TWW was
increased from 260 to 325 MCM in 2004–2009 (MOEP, 2010).
Water sources in Saudi Arabia are limited (Chowdhury and
Al-Zahrani, 2012). The sources are associated with uncertainty
and can be affected by climatic change in future (Chowdhury
and Al-Zahrani, 2012). Recent study estimated an increase of
reference evapotranspiration from 0.245 to 0.368 m/year be-
tween 2011 and 2050. The loss of soil moisture was estimated
to be 0.181 m/year (0.042–0.236 m/year) during 2011 through
2050. The increase in the temperature was estimated to be
1.8–4.1 C during this period, while a temperature increase
can increase agricultural water demands by 5–15% to obtain
the current level of agricultural productions. To develop the
sustainable water resources management strategy, it is impor-
tant that available sources of water, trends of water demands,
possible new sources of water and uncertainty are investigated.
In this research, available water sources, current water de-
mands and trends of water uses have been investigated. Predic-
tive equations were developed to assess the future water
demands. Possibility of developing new sources for water has
been investigated. Finally, an approach of obtaining sustain-
ability in water resources has been outlined.2. Resource characterization
2.1. Non-renewable groundwater sources
In Saudi Arabia, the shallow alluvial and deep rock aquifers
are the two major sources of groundwater. The deep rock aqui-
fers are sedimentary in origin, usually sandstone and lime-
stone, extending over thousands of square kilometers with
poor natural recharge through upland and foothill zones
where the rocks have surface outcrops. The aquifers are found
in arenaceous and/or carbonate formations, including the ma-
jor formations of Saq, Tabuk, and Wajid of Paleozoic age
(250–542 million years ago), Minjur-Dhurma, Biyadh-Wasia
of Mesozoic age (65–250 million years ago) and Umm er Rad-
huma and Dammam of the Tertiary age (1.8–65 million years
ago). Among these aquifers, Saq, Wajid, Tabuk, Minjur-Dhur-
ma, Biyadh-Wasia, Um Er Radhuma and Dammam-Neogene
are known to be the principal aquifers (MOP, 1985; FAO,
1998). The approximate locations of these aquifers are shown
in Fig. 1.
The groundwater in the deep sandstone aquifers is non-
renewable or ‘fossil’ water, which was formed approximately
10–32 thousand years ago (MAW, 1984). This fossil water is
conﬁned in sand and limestone formations of a thickness of
about 300 m at a depth of 150–1500 m. Past studies have re-
ported variable amounts of fossil water reserves in Saudi Ara-
bia. The Food and Agriculture Organization (FAO) reported
that the groundwater reserves were 253.2 BCM as the proven
resource, while the probable and possible reserves were esti-
mated to be 405 BCM and 705 BCM, respectively FAO
(2009). Abderrahman (2000a) reported the groundwater re-
serves of 2185 BCM to a depth of 300 m from the ground sur-
face. The Ministry of Planning showed that the groundwater
reserves were approximately 338 BCM with probable reserves
reaching to 500 BCM (noted in FAO, 2009). The natural re-
charge to these aquifers is approximately 1.28 BCM/year
(MOP, 1985), while approximately 394 MCM/year is drained
out from Saudi Arabia.
The groundwater reserves in the major aquifers reported in
the Water Atlas and Ministry of Planning (MOP, 1985) are
70 S. Chowdhury, M. Al-Zahranipresented in Table 1. Characteristics of these aquifers, their
proven, probable and possible reserves and yields are pre-
sented in Table 1. The proven, probable and possible ground-
water water reserves in the major aquifers are 259.1, 415.6 and
760.6 BCM, respectively (MAW, 1984; FAO, 1998; Water At-
las, 1995). The estimated reserves were based on the data from
1984 (MOP, 1985). The estimates of the Ministry of Planning
(reported in the Food and Agriculture document), showed that
approximately 141.1 BCM of groundwater was used from the
principal aquifers between 1984 and 1996 (FAO, 1998). Some
aquifers showed signiﬁcant drops in water level. For example,
piezometric level in Minjur reduced from 45 to 170 m below
surface between 1956 and 1980 (MAW, 1982). A similar de-
cline in water level was reported for the Wasia aquifer
(MAW, 1984).
During the period of the past 15 years (1996–2011), it is
likely that signiﬁcant amounts from the remaining reserves
have been exhausted and/or drained out from the Saudi Ara-
bian aquifers (FAO, 2009). The data in the Ninth Develop-
ment Plan show that the withdrawals of groundwater from
the non-renewable sources were 13.5 and 11.6 BCM in 2004
and 2009, respectively (MOEP, 2010). Abdurrahman
(2000a,b) reported that groundwater withdrawals were 24.5,
28.6 and 15.4 BCM in 1990, 1992 and 1997, respectively. At
these rates, available resources may not survive for a long
term. It is important that the currently available reserves in
these aquifers and their yields be better understood.2.2. Renewable surface and groundwater sources
The source of surface water in Saudi Arabia is the seasonal
precipitation. The river beds are generally dry in most part
of the year. A fraction of seasonal surface runoff percolates
through the sedimentary layers in the valleys and recharges
groundwater, while some is lost through evaporation. The
largest quantity of runoff occurs in the western region, which
represents approximately 60% of total runoff although it cov-
ers only 10% of total area of the country (FAO, 2009). The
remaining 40% of runoff occurs in the far south of the western
coast (Tahama) covering 2% of the total area (FAO, 2009).
The total runoff in Saudi Arabia has been estimated to be
2.2 BCM/year (Abdurrahman, 2000a), most of which inﬁl-
trates to recharge the shallow aquifers located along the river
valleys and beneath the alluvial fans and plains in various
areas. These aquifers are generally unconﬁned, small in area
and have water tables that respond rapidly to local precipita-
tions. Some shallow aquifers are: Khuf, Tuwail, Aruma, Jauf,
Sakaka and Jilh in basalt and alluvial areas. These water sys-
tems have been tapped for years. Another shallow aquifer in
Riyadh is Jubaylah, which is about 100–150 m thick, and
many of the wells that tapped it, including city wells, were sus-
pended due to falling water levels (FAO, 1998). In most shal-
low aquifers, water was being used at a much faster rate than
these could be replenished (FAO, 1998).
To facilitate storage and recharge of surface runoff, a total
of 302 dams across the country store approximately 1.4 BCM
of surface runoff annually (MOEP, 2010). The locations of
some major dams are shown in Fig. 2. Among these dams,
275 dams are used for groundwater recharges and control
recharging approximately 992.7 MCM/year of water (Table 2).
A total of 25 dams store 303.5 MCM of water annually fordrinking purposes, while 2 dams are used to store 51.5 MCM
water annually for agricultural purposes (Table 2). Some ma-
jor dams are, King Fahd dam in Asir region (capacity:
325 MCM), Wadi Abha in Asir region (capacity: 213 MCM),
Rabigh dam in Makkah region (capacity: 220.4 MCM) and
Bish dam in Jizan (capacity: 193.6 MCM). Details of some
dams, their construction periods and capacities are presented
in Table 3. Further details on the dams are available in
MOWE (2011).
The total internal renewable water resources in Saudi Ara-
bia have been estimated to be approximately 2.4 BCM/year
(FAO, 2009). The country has an average annual rainfall less
than 150 mm in most part of the country (Abderrahman,
2000a). In the north, annual rainfall varies between <100
and 200 mm/year. However, in the south, 500 mm/year rainfall
is not uncommon (FAO, 2009). The long term average of the
rainfall across the country was estimated to be approximately
114 mm/year. However, most of this rainfall occurs in the
south and south-western parts of the country, which might
cover less than 13% of the land area (FAO, 2009). Currently,
total requirements of freshwater for Saudi Arabia are approx-
imately 20 BCM/year (MOWE, 2009; MOEP, 2010). It is
anticipated that the intense rainfall in the south and south-wes-
tern regions might provide an opportunity to harvest rainwa-
ter. Better management of rainwater in these regions may
support in dealing with future water demands.2.3. Desalinated water
Desalination of sea water is in practice in many countries. Sau-
di Arabia produced 7.65 MCM desalinated water in 1980
(SWCC, 2011). In 31 years (1980–2011), the Kingdom has 30
desalination plants in operation along the coasts of the Red
Sea and Arabian Gulf producing the largest amount of desali-
nated waters as a single country (MOEP, 2010). The approxi-
mate locations of desalination plants are shown in Fig. 3. The
Ninth Development Plan of the Ministry of Economy and
Planning (MOEP) reported that the Kingdom produced
approximately 1070 and 1048 MCM of desalinated water in
2004 and 2009, respectively (MOEP, 2010). This reﬂects
0.4%/year decrease. The annual report of the Ministry of
Water and Electricity (MOWE) shows higher amounts of desa-
linated water supplies (MOWE, 2009). The plant speciﬁc pro-
duction of desalinated water, their approaches of desalination,
commission dates and years of service are presented in Table 4
(SWCC, 2011). These data show that the total production of
desalinated water was 1055.1 MCM in 2009 (SWCC, 2011).
Table 4 shows that some desalination plants have more than
25 years of service lives. For example, the Jubail 2 desalination
plant producing the largest amount of desalinated water
(297.5 MCM/year), was commissioned in 1983 (Table 4). A to-
tal of 13 plants from the thirty operational have more than
25 years of service lives (Table 4). Reduction in water produc-
tion in near future is not unlikely from these plants. To pro-
duce more desalinated water, two new plants are being
constructed in Jeddah and Ras Al-Zor, and there is a plan to
construct more plants in near future (MOEP, 2010; SWCC,
2011). The desalination plants follow different approaches
for desalination, for example, First Stage, Second Stage, Third
Stage, Reverse Osmosis (RO) and Multi-effect (MED). Details
on this classiﬁcation can be available in SWCC (2011). These
Table 1 Summary of major aquifers for groundwater in Saudi Arabia (a: proven; b: probable; c: possible) (Water Atlas, 1995; FAO, 1998).
Aquifer Formation Location Depth Yield Water Quality Reserves (BCM)
a b c
Saq Medium to course grained
sandstone. Locally contain ﬁner
material
Extends from eastern part to
1200 km northward near the
Jordanian borders
About 2000 m;
Thickness: 400–
800 m
Tabuk: (9–
228 L/s) Hail:
(13–19 L/s)
Qasim: (10–
100 L/s)
Moderately mineralized.
TDS less than 1000 ppm
65 100 200
Wajid Fine to coarse-grained sandstone.
Homogeneous, poorly cemented
porous rocks
Extends for at least 200 km
beneath Rub Al-Khali. Exposed
for 300 km from the south of
Wadi Dawasir to the Wadi
Habaunah and for about 100 km
to the west
Thickness 200–
400 m
Wadi Dawasir:
(10–100 L/s)
Rub Al-Khali:
(5–15 L/s)
TDS less than 1000 ppm 30 50 100
Tabuk Marine to continental sequences
of cross and inter bedded
sandstone, shale and siltstone
Extends south and west from the
Jordanian border to south of
Wadi Rimah
Thickness:
Approximately
1070 m
5.6–15 L/s TDS: 500–600 ppm
(Tabuk); 2500–4000 ppm
(In north); 600–
3500 ppm (east)
5.6 5.6 5.6
Minjur/Dhurma Continental sandstone. Coarse
quartazitic sandstone with thin
layers of limestone, shale,
conglomerate and gypsum
Ten to thirty km wide narrow
band for 820 km from Haddar
except for the break at the Wadi
Brik and Wadi Rimah. It extends
from Wadi Brik south as far east
as the Rub Al-Khali
Depth: 1200–
1500 m
Thickness:
Minjur: 310–
400 m; Dhurma:
100–110 m
The average
potentiometric
head lowered
from 45 m
below land
surface in 1956
to 170 m in 1980
Salinity increases with
depth. -TDS: 1200–
15000 ppm; 1000–
5800 ppm (near Haddar)
17.5 35 85
Wasia-Biyadh
and Cretaceous
sands Aquifers
Sandstone and shale Biyadh: from Wadi Dawasir to
nearly 650 km. Wasia: Nearly
1450 km from the Rub Al-Khali
Biyadh: 100 –
400 m thick.
Wasia: 50–
550 m thick.
Maximum
thickness:
1000 m
The
potentiometric
ranges 210–
300 m
Dissolved solids:
150,000 ppm
120 180 290
Umm er
Radhuma
Aquifer
Formed in shallow sea. Light
colored, dense limestones,
dolomitic limestones and
dolomites
Extends from Iraq border to
Jordan border. 50–100 km wide,
south for 1200 km to beyond
Wadi Dawasir
The depth
ranges from
240–700 m
4–32 L/s Heavily mineralized 16 40 75
Dammam-
Neogene
Five sections: Midra Shale, Saila
Shale, Alveolina Shale
aquicludes, Khobar limestone
and Alat limestone
The rock of Dammam aquifer
extends over most of northeast
Saudi Arabia and Rub al Khali
Depth: 80 m
(Alat); 20 m
(Khobar)
Dissolved solids:
<1000 ppm
5 5 5
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Table 2 Summary of dams and their storage across Saudi Arabia (Capacity in MCM/year) (MOWE, 2009, 2011; Aquastat, 2011).
Purpose Storage Control Drinking Irrigation
Province No. of dams Storage No. of dams Control No. of dams Drinking No. of dams Irrigation
Riyadh 48 72.87 19 19.12
Makkah 27 58.60 7 234.75 2 42.80
Madina 14 20.70 6 64.45
Asir 43 358.81 17 16.59 17 35.99
Jazan 1 0.25 1 0.15 4 194.17 1 51.00
Najran 8 2.98 4 87.08
Baha 25 9.62 3 0.14 2 30.50 1 0.50
Qassim 8 5.16 1 1.30
Tabuk 8 6.63
Hail 22 11.05 3 1.76
Northern borders 6 20.65
Jouf 4
Column total 210 567.32 65 425.34 25 303.46 2 51.50
Legend 
Name Sl.
King Fahd 1
Wadi Abha 2
Wadi Alaquiqu  3
Bish 4
Wadi Jazan 5
Chance 6
Qaa hathutha 7
Wadi Alfaraah 8
Ardh 9
Soil 10 
Tarabah 11 
Wadi Fatimah 12 
Wadi najran 13 
Arda 14 
Tarba 15 
Figure 2 Location of some major dams across Saudi Arabia.
72 S. Chowdhury, M. Al-Zahraniplants produce approximately 3355 MW of electricity (Ta-
ble 4). Desalinated waters are mainly used for domestic pur-
poses in the major cities (Riyadh, Madina, Mecca, Abha,
Jeddah, Qaseem, Eastern province, etc.), where most of the
domestic needs are satisﬁed by desalinated water. Among
these cities, Riyadh, Makkah, Madina and Eastern province
consume approximately 90% of the desalinated water. The
desalinated water is generally blended with the groundwater
prior to supply to the consumers. Overall, desalinated water
supplies approximately 50% of the domestic water needs of
the country (approximately 1000 MCM/year), while theremaining water is extracted from the groundwater sources
(MOWE, 2009).2.4. Treated wastewater (TWW)
Reuse of TWW is in practice in many countries (FAO, 2009).
TWW is generally used for agricultural, landscaping and
industrial purposes. Saudi Arabia has been using a fraction
of TWW in agriculture and industry. However, a major frac-
tion of wastewater remains unused. The wastewater is treated
Table 3 Details of some major dams in the Kingdom (MOWE, 2009, 2011; Aquastat, 2011).
Name Region Nearest city Completed Dam height (m) Capacity (MCM)
King Fahd Asir Bishah 1998 103 325
Wadi Abha Asir Abha 1974 33 213
Wadi Alaquiqu Baha Al-baha 1988 31 22.5
Bish Jizan Jazan 193.64
Wadi Jazan Jizan Jazan 1970 35 51
Chance Madinah Al-Madinah 40
Qaa hathutha Madinah Al-Madinah 2001 7 40
Fareah Madinah Yanbu 1982 13.5 20
Wadi Alfaraah Madinah Yanbu 1982 13.5 20
Ardh Makkah Soil 21
Rabigh Makkah 184.5 220.35
Soil Makkah Soil 20
Tarabah Makkah Tayif 1981 21 20
Wadi Fatimah Makkah Makkah 1985 15 20
Wadi najran Najran Najran 1980 73 86
Arda Tayif Tayif 1984 24 21
Tarba Tayif Tayif 1984 15 21.8
Garnet Patio Garnet 0 22.5
Characterizing water resources and trends of sector wise water consumptions in Saudi Arabia 73in about 70 sewage treatment plants across the country. Fig. 4
shows the locations of some major plants in Saudi Arabia. Fol-
lowing treatments, a fraction of TWW is recycled for reuse,
while the remaining TWW is discharged into the water bodies
(e.g., Arabian Gulf or Red Sea) or into empty wadies. Abder-
rahman (2000a) reported that TWW efﬂuents were 110, 185
and 185 MCM in 1990, 1992 and 1997, respectively, indicating
an increase between 1990 and 1997. Elhadj (2004) reportedFigure 3 Location ofthat approximately 475 MCM/year wastewater was treated in
Saudi Arabia. The Food and Agriculture Organization
(FAO) showed that approximately 547.5 MCM wastewater
was treated in 2002 (FAO, 2009). The Ministry of Economy
and Planning (MOEP) reported that approximately
730 MCM of wastewater was treated in 2008 (MOEP, 2010).
The plant speciﬁc TWW volume, treatment types and dis-
posal methods for some major sewage treatment plants areLegend: 
Sl. Plant Sl. Plant 
1 Jubail 1 16 Shoqaia 
2 Jubail 2 17 Haql RO 
3 Jubail RO 18 Duba RO 
4 Khobar 2 19 AlWajih 
5 Khobar 3 20 Umlujj RO 
6 Khafji 21 Umlujj 3 
7 Jeddah 3 22 Rabigh 1 
8 Jeddah 4 23 Rabigh Trns.1
9 JeddahRO1 24 Rabigh 2 
10 JeddahRO2 25 Alazizia 
11 Shoaiba1 26 Albirk RO 
12 Shoaiba2 27 Farasan1 
13 Yanbu 1 28 Farasan Trns.1
14 Yanbu 2 29 Laith 
15 Yanbu RO 30 Al-Qunfutha 
desalination plants.
Table 4 Summary of desalination plants in Saudi Arabia (SWCC, 2011).
Plant Location Supply
(MCM)/yr
Plant total
(MCM)/yr
Service area Date of commission End of life Electricity (MW) Stage
Jubail 1 Jubail 43.23 369.31 Riyadh, Jubail, Jubail Naval base and Royal
Commission in Jubail
1982 2007 238 1st *
Jubail 2 Jubail 297.54 Riyadh, Jubail, Jubail Naval base and Royal
Commission in Jubail
1983 2008 762 2nd *
Jubail RO Jubail 28.54 Riyadh, Qassim, Sudair 2000 2025 RO
Khobar 2 Al-Khobar 70 157.89 Khobar, Dammam, Qatif, Dhahran airport,
Saihat, Safavi and Ras Tanura
1983 2008 500 2nd *
Khobar 3 Al-Khobar 87.89 Khobar, Dammam, Qatif, Dhahran airport,
Saihat, Safavi, Ras Tanura, Abqaiq and Hofuf
2000 2025 311 3rd
Khafji Khafji 7.18 7.18 Res Al-Khafji 1986 2011 – 2nd *
Jeddah 3 Jeddah 27.74 132.95 Jeddah 1979 2004 200 3rd *
Jeddah 4 Jeddah 69.55 Jeddah 1982 2007 500 4th *
Jeddah RO1 Jeddah 17.83 Jeddah 1989 2014
Jeddah RO2 Jeddah 17.83 Jeddah 1994 2019
Shoaiba 1 70 212.68 Makkah and Taif 1989 2014 157 1st
Shoaiba 2 142.68 Makkah, Jeddah and Taif 2001 2026 340 2nd
Yanbu 1 Yanbu 34.54 117.4 Yanbu, Medina and surrounding villages 1981 2006 250 1st *
Yanbu 2 Yanbu 43.84 Yanbu, Medina and surrounding villages 1998 2023 35 2nd
Yanbu RO Yanbu 39.02 Yanbu, Medina and surrounding villages 1998 2023 RO
Shoqaia 30.45 30.45 Abha/Khais Mushait, Raﬁdah, military city,
surrounding village
1989 2014 62 1st
Haql RO 1.38 1.38 Field and surrounding villages 1990 2015 – 2nd
Duba RO Duba 1.38 1.38 Duba and surrounding villages 1989 2014 – 3rd
AlWajih 3.29 3.29 Face and surrounding villages 2009 2034 – 3rd, MED +
Umlujj RO 1.38 1.38 Trowel 1986 2011 – RO *
Umlujj 3 3.29 3.29 Trowel and its villages 2009 2034 – 3rd, MED
Rabigh 1 0.44 0.44 Rabigh and surrounding villages 1982 2007 – 1st *
Rabigh Trns.1 0.28 0.28 Rabigh and surrounding villages 1979 2004 – Redeployed 1 *
Rabigh 2 6.57 6.57 Rabigh, covert, Thule 2009 2034 2nd, MED
Alazizia 1.41 1.41 Island Azizia 1987 2012 1st
Albirk RO 0.71 0.71 Ponds and surrounding villages 1983 2008 – 1st, RO *
Farasan1 0.16 0.16 Knights Island 1979 2004 – 1st *
Farasan Trns.1 0.39 0.39 Knights Island 1978 2003 Redeployed 1 *
Laith 3.29 3.29 Laith 2009 2034 1st, MED
Al-Qunfutha 3.29 3.29 Qunfudah, Al-Quoz-Costume 2008 2033 1st, MED
* Life: 25 + years; RO: Reverse osmosis; MED: Multi-effect.
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Legend: 
Sl. City Plant name 
1 Al-Kharj Al-Kharj 
2 Qatif Sanabis 
3 Qatif Qatif
4 Al-Hasaa Emran 
5 Al-Hasaa Hufuf-Mubarraz
6 Jeddah Al-Khomra 
7 Jeddah Plant C 
8 Jeddah Plant A 
9 Makkah Old plant 
10 Riyadh Al-Hayer old 
plant 
11 Riyadh Al-Hayer new 
plant 
12 Dammam Dammam 
13 Al-Khobar Al-Khobar 
14 Madinah New 
15 Taif  Taif
Figure 4 Location of some major wastewater treatment plants in Saudi Arabia.
Characterizing water resources and trends of sector wise water consumptions in Saudi Arabia 75summarized in Table 5. The data show that the annual waste-
water treatment capacity of these major plants is approxi-
mately 601.8 MCM/year, while these plants treat
approximately 567.1 MCM/year. Among these plants, two
plants in Riyadh (Riyadh North and South) treat approxi-
mately 146 MCM/year, which is comparable with the data
provided in Elhadj (2004). Table 5 demonstrates that signiﬁ-
cant fractions of TWW are discharged into the Wadi, Red
Sea and the Arabian Gulf. The FAO data show that approxi-
mately 166 MCM of TWW was reused in 2006 (FAO, 2009).
However, the Ninth Development Plan of the MOEP reported
that the reclaimed TWW (without agricultural wastewater)
were 260 and 325 MCM in 2004 and 2009, respectively, indi-
cating an increase of 4.6%/year. There is a plan to increase
TWW reuse to 570 MCM/year by 2014, indicating an increase
of 11.9%/year. In addition to domestic TWW, reuse of agricul-
tural wastewater was 40 and 42 MCM in 2004 and 2009,
respectively (MOEP, 2010). There is a plan to increase reuse
of agricultural wastewater to 47 MCM/year by 2014. The his-
torical data on TWW reuse indicate increasing trends. In next
few years, it is likely that TWW reuse may be increased signif-
icantly and TWW will become a potential source for water
supplies (preferably, for agriculture).
The MOWE reported that per capita domestic water con-
sumption is approximately 226 L/day (MOWE, 2009). The to-
tal population in Saudi Arabia is 26 millions (CIA, 2011). As
such, a total of 2144.7 MCM/year of domestic water may be
required. If the coefﬁcient for wastewater generation is as-
sumed to be 0.7, approximately 1500 MCM/year of domestic
wastewater is likely to be generated (MOWE, 2009). This indi-
cates that approximately 37.8% of wastewater is collected for
treatment. Signiﬁcant fraction of the remaining wastewater islikely to be discharged into the environmental system without
treatment or with minimal treatment. Consequently, there is a
risk of contamination of groundwater system. By reducing dis-
charges of wastewater, environmental risks can be reduced. On
the other hand, reuse of TWW is subjected to satisfaction of
certain regulatory criteria. If the regulatory criteria are not sat-
isﬁed, use of TWW might impose health hazards (Ayres and
Mara, 1996; Ursula and Peasey, 2002; Chowdhury and Cham-
pagne, 2006; Chang et al., 2002). To minimize these effects,
wastewaters are needed to be adequately treated prior to reuse.
In case of secondary treatment, TWW typically have 30–100
MPN (most probable number) fecal coliform per 100 ml, while
the tertiary treatment produces efﬂuent of 1–7 MPN fecal coli-
form per 100 ml (Alhumoud et al., 2003). The microbiological
regulations for reusing TWW in agriculture (Table 6) indicate
that tertiary treatment is required for reusing TWW in agricul-
ture in Saudi Arabia.3. Trends of water consumption
3.1. Domestic water demand
The population growth and their life styles have implications
on municipal water consumptions. Saudi Arabia has a rela-
tively high population growth rate (Population Stat, 2003;
CIA, 2011; World Bank, 2011). In 1900 and 2010, Saudi Ara-
bia had a population of 1.503 and 26 million, respectively
(Population Stat, 2003). The long term (1900–2011) population
growth rate is 2.65%/year (Population Stat, 2003; CIA, 2011).
The increase in populations coupled with improved lifestyles
has increased domestic water demands signiﬁcantly. The
Table 5 Summary of some major wastewater treatment plants in Saudi Arabia.
Sl. City Plant name Design
(m3/day)
Treatment scheme Actual (m3/day) Disposal
1 Buraidah Buraidah 11000 Facultative + maturation ponds 13000 To sand dunes
2 Unaizah Unaizah 7080 Aerated lagoons 9900 To Wadi
3 Al-Kharj Al-Kharj 21000 Aerated lagoons + sand ﬁlters 21600 To Wadi
4 Qatif Sanabis 8340 2 stage facultative 22195 Gulf
5 Qatif Gesh 8990 2 stage facultative 15930 Gulf
6 Qatif Awamia 9260 2 stage facultative 13430 Gulf
7 Qatif Qatif 210000 Oxidation ditch 35000 Gulf + L.I.
8 Al-Hasaa Oyoon 6310 2 stage facultative 17100 To Lagoon
9 Al-Hasaa Emran 13320 2 stage facultative 22100 To Lagoon
10 Al-Hasaa Hufuf-Mubarraz 29500 2 stage facultative 136780 To Lagoon
11 Khafji Khafji 25000 2 stage facultative 5190 Gulf
12 Jeddah Al-Khomra 36000 Trickling ﬁlters (stone) 66000 Red Sea
13 Jeddah Plant C 40000 Package contact stabilization 63000 L.I. + Lagoon
14 Jeddah Plant A 32000 Package contact stabilization 55000 L.I. + Red Sea
15 Jeddah Bani Malik 8000 Package contact stabilization 6500 L.I. mostly
16 Jeddah Al-Jamia 8000 Package contact stabilization 7000 Red Sea + L.I.
17 Jeddah Tertiary (Al-Khomra) 30000 Trickling ﬁlters + ozonation + clariﬁcation + sand
ﬁltration + reverse osmosis
20000 Red Sea L.I.
18 Jeddah Al-Iskan 3000 Activated sludge 3,500
18 Makkah Old plant 24000 Trickling ﬁlters (stone) 65000 Wadi + A.I.
19 Makkah New 50,000 Plug ﬂow activated sludge + nitriﬁcation–denitriﬁcation —
20 Riyadh Al-Hayer old plant (South) 200,000 Trickling ﬁlters (plastic) + polishing lagoons, anaerobic
sludge digestion
200,000 Wadi + A.I. + Reﬁnery
21 Riyadh Al-Hayer new plant (North) 200000 Activated sludge + nitriﬁcation–
denitriﬁcation + ﬁltration
200000 Wadi + A.I. + Reﬁnery
22 Riyadh Reﬁnery 20000 Clariﬁcation + ﬁltration + reverse osmosis + ion
exchange
13500
23 KSU KSU Plant 8000 Settling, trickling ﬁlters 8000 L.S. + Cooling power plant
24 Riyadh Diplomatic Quarter 9300 Screening, activated sludge 9500 L.I.
25 Dammam Dammam 208000 Oxidation ditch 140000 Gulf + L.I.
26 Al-Khobar Al-Khobar 133000 Oxidation ditch 100000 Gulf
27 Madinah New 120000 Conventional activated sludge 100000 Wadi + L.I. + A.I.
28 Safwa Safwa 7570 Completely mixed 8600 Gulf
29 Khamis-Mushait Al-Dhoba 7500 Oxidation ditch 10,000 Wadi + L.I. + A.I.
30 Abha Abha 9000 Extended aeration 11500 Wadi
31 Taif Taif 67000 Activated sludge + nitriﬁcation–
denitriﬁcation + ﬁltration + activated carbon ﬁltration
34000 L.I. + A.I.
32 Jubail Jubail Industrial city 12500 Tertiary treatment 38630 A.I.
33 Saihat Saihat Secondary aerobic biological 15717
34 Aramco facilities (total 9 at
diﬀerent locations)
Saudi Aramco 66000 Variable 66000 A.I. + Sea
Total (m3/day)
L.I.: Landscape irrigation; A.I.: Agricultural irrigation; Table was generated using data of 1995.
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Table 6 Criteria for wastewater reuse in different countries.
State/country Main features Remarks
Saudi Arabia 2.2–23 FC/100 ml No value above 23 MPN/100 ml in 30 day period
WHO 200–1000 FC/100 ml Exposed group infection
USEPA 200 FC/100 ml and residual chlorine Suggested. Landscape irrigation is not included
France 200–1000 FC/100 ml Consider revising in the future
Arizona, USA 25–10000 FC/100 ml Virus concentration should not exceeds 1 PFU per 40 liter
Washington, USA 23–230 FC/100 ml Settleable solids, 5 ml per hour, storage for 1 week
California, USA 2.2–23 FC/100 ml Disinfected coagulated, clariﬁed and ﬁltered
Characterizing water resources and trends of sector wise water consumptions in Saudi Arabia 77MOEP reported that domestic water demands in 2004 and
2009 were 2100 and 2330 MCM, respectively, reﬂecting an
average increase of 2.1%/year (MOEP, 2010). The FAO re-
ported that domestic water demand in 2006 was 2130 MCM
(FAO, 2009). The Saudi Statistical Year Book (SSYB) re-
ported the water demands based on the total number of sub-
scribers in different regions (SSYB, 2008). The total number
of subscribers to the municipal water systems was increased
from 687813 to 844243 (22.7% increase) between 1999 and
2008 (SSYB, 2008). Using data from the SSYB, the growth
of subscribers for the whole country can be approximated by
the following equation as:
Log10ðYsÞ ¼ C0 þ KðXÞ ð1Þ
where Ys = Number of subscribers at X years from 1999;
C0 = Coefﬁcient of the equation (e.g., 5.817 for entire Saudi
Arabia); K= Slope of the Eq. (1) (0.01101 for entire Saudi
Arabia); X=Number of years after 1999. The R2 value was
0.89. In 1999, average water consumption per subscriber was
1391 m3 (609–2028 m3) per year. In 2008, average water con-
sumption per subscriber was 3818.1 m3 (1687.2–7404 m3) per
year. To assess the per capita consumption of municipal water
in 1999 and 2008, the subscribers were compared with the pop-
ulations. In 1999 and 2008, total populations in Saudi Arabia
were estimated to be 21.38 and 28.17 million, respectively
(Population Stat, 2003; CIA, 2011; World Bank, 2011). Num-
ber of persons per subscriber was 31.08 in 1999, which was in-
creased to 33.34 in 2008 (0.7% per year) (SSYB, 2008; World
Bank, 2011). The increase in persons per subscriber can be
approximated as:
PX ¼ P0 þ ð1þ rXÞ ð2Þ
where PX =Number of persons per subscriber at X years from
1999; P0 = Number of persons per subscriber in 1999 (e.g.,
31.08 persons/subscriber for Saudi Arabia); r=Rate of in-
crease per year (e.g., 0.007/year for Saudi Arabia); X=Num-
ber of years after 1999. The R2 value was observed to be 0.76.
Eqs. (1) and (2) represent the generalized forms of predicting
subscribers and persons per subscriber for the entire country.
The parameters for Eqs. (1) and (2) to predict regional domes-
tic water demands are presented in Table 7. The water de-
mands can be predicted as:
WDDOM ¼WUSE  PX  Ys ð3Þ
where WDDOM =Water demands for domestic purposes (m
3/
year); WUSE =Water demands per person per year (m
3);
PX =Number of persons per subscriber in year X after
1999; Ys = Number of subscribers for that year. To estimatethe value of WUSE, historical rate of domestic water use has
been considered. Elhadj (2004) reported that per capita water
use was approximately 250 liter per capita per day (LPCD).
The MOWE reported that the average use of domestic water
in 2009 was approximately 226 L/day (MOWE, 2009). The
SSYB reported that the consumption of municipal water per
subscriber as 1391.1 and 3818.1 m3 in 1999 and 2008, respec-
tively (SSYB, 2008). These indicate that the use of municipal
water was approximately 122.6 and 313.8 LPCD in 1999 and
2008, respectively. The increase in water use per capita per
day from 1999 to 2008 might be due improved life styles
and/or loss of water due to leakage in the water distribution
networks. The average use of municipal water between 1999
and 2008 was estimated to be 219.1 LPCD, while the averages
for different regions vary in the range of 119–378 LPCD
(SSYB, 2008). The minimum use of domestic water was
590.6 m3 per subscriber (e.g., 50.2 LPCD) in Taif in 2001
and the maximum use of domestic water was 7826.7 m3 per
subscriber (e.g., 629.5 LPCD) in Dammam in 2007 (SSYB,
2008). Using equations 1–3 and average per capita water use
of 219 LPCD, water demands for domestic purposes have been
predicted from 2012 through 2020. The results are presented in
Fig. 5. The Eqs. (1)–(3) have predicted the domestic water de-
mands as 1966 and 2307 MCM for the years 2004 and 2009,
respectively (Fig. 5). During the same years, water use for
domestic, purposes was reported to be 2100 and 2330 MCM,
respectively (MOEP, 2010). The predictions of these Eqs.
(1)–(3) are fairly consistent with the reported data (1–6.4%
variation). Further, the MOEP estimated the probable de-
mands for municipal water to be approximately 2583 MCM
in 2014 (MOEP, 2010). This study predicts the domestic water
needs in 2014 as 2704 MCM, which is 4.5% more than the
MOEP estimated value (MOEP, 2010). For 2020, the domestic
water demand was predicted to be approximately 3268 MCM
(Fig. 5). At this time, total number of subscribers will be
1.146 million for the whole country (Fig. 5) and persons per
subscriber will be 35.65. To predict domestic water demands
for the different provinces, Eqs. (1)–(3) and the coefﬁcients
shown in Table 7 can be used.
The equations in Table 7 show wide ranges ofR2 values. The
ranges of R2 were 0.63–0.98 and 0.57–0.81 for Eqs. (1) and (2),
respectively (Table 7). Some equations in Table 7 showed excel-
lent performance (R2 > 0.75), while some other showedmoder-
ate performance (R2 = 0.57–0.75). These equations predict
yearly domestic water demands by using average per capita
use of water, number of subscribers and populations per sub-
scriber for each region. The other factors, such as, temperature,
seasonal variability of populations and leakage through pipe-
lines were not incorporated in this study. These factors can have
Table 7 Equations for predicting domestic water demands in different regions in Saudi Arabia.
Equations State/country Parameter values R2
log10(Ys) = C0 + KX PX = P0(1 + rX) Saudi Arabia C0 = 5.817; K= 0.01101 0.89
P0 = 31.08; r= 0.007 0.76
Qasim C0 = 4.654; K= 0.020 0.98
P0 = 28.02; r= 0.005 0.66
Asir C0 = 4.172; K= 0.012 0.94
P0 = 34.7; r= 0.004 0.67
Al-Khobar C0 = 4.384; K = 0.016 0.69
P0 = 27.34; r= 0.009 0.62
Dammam C0 = 4.57; K= 0.014 0.98
P0 = 28.06; r= 0.006 0.81
Taif C0 = 4.569; K= 0.008 0.96
P0 = 33.2; r= 0.006 0.73
Makkah C0 = 4.773; K= 0.007 0.96
*
P0 = 30.3; r= 0.015 0.72
Yanbu C0 = 3.899; K= 0.016 0.86
P0 = 34.7; r= 0.009 0.66
Madinah C0 = 4.699; K= 0.008 0.63
P0 = 29.08; r= 0.011 0.62
Jeddah C0 = 5.133; K= 0.008 0.81
P0 = 30.3; r= 0.012 0.57
Riyadh C0 = 5.384; K = 0.013 0.89
P0 = 29.8; r= 0.009 0.74
* X should be replaced by (X  1).
78 S. Chowdhury, M. Al-Zahraniimplications on the predictive capacities of Eqs. (1) and (2) (e.g.,
R2). For example, in a study in Phoenix, Arizona, Balling and
Gober (2007) reported that 1 C change in the temperature
might change the residential water demands by 6.66%. In Saudi
Arabia, the temperature variability is signiﬁcant, ranging from
less than 10 C inwinter to above 45 C in summer. Further, sea-
sonal variability of populations in some major cities can be sig-
niﬁcant. Al-Mutaz et al. (2012) reported that populations in the
city of Makkah can be up to three folds during the Hajj period
than the other months. A similar variability is anticipated for
the city of Madinah. In addition, the effects of leakage in the
pipeline can also be signiﬁcant. The forecast of domestic water
demands on monthly basis using the above noted parameters
might bemore representative than the yearly forecast. However,
availability of such data in Saudi Arabia is limited. Future study
must look into these factors for better estimations of domestic
water demands.Figure 5 Water demands for domestic purposes in Saudi Arabia
(error bars show the standard deviations; S: Number of subscrib-
ers in thousands; WD: Water demands in MCM; dotted line
represent future forecast).3.2. Industrial water demand
In Saudi Arabia, water demands for industrial sector are less
than half of the water demands in domestic purposes (MOEP,
2010). The number of industries and industrial subscribers has
been increasing since 1980 (MOEP, 2010). The demands for
industrial water were 56 MCM/year in 1980 (Abderrahman
2000b). The FAO reported that industrial water demand was
approximately 710 MCMin2006 (FAO, 2009). In 2009, the con-
sumption of industrial water was reported to be 713 MCM/year
(MOEP, 2010). TheMOEP reported that the demand for indus-
trial water was increased by 2.2%/year between 2004 and 2009.
However, for the period of 2009–2014, growth in industrial
water demand was estimated to be 5.5%/year, leading to prob-
able industrial water demands of 930 MCM/year in 2014
(MOEP, 2010). Using the long term industrial water consump-tion data (1980–2009), the trend ofwater use has been character-
ized using the power law equations as:
WDIND ¼ a ðYþ 1Þb ð4Þ
where WDIND =Water demands for industrial purpose
(MCM/year); a= 235.06 (range: 207.29–262.83 as the 95 per-
centile C.I. value); b= 0.43 (range: 0.399–0.455 as the 95 per-
centile C.I. value); Y=Year after 1992. Eq. (4) was applied
to predict the historical water demands and to forecast future
industrial water demands. The predicted data were compared
with the reported historical data to demonstrate the perfor-
mance of Eq. (4). The predictions are shown in Fig. 6. The pre-
dicted water demands are in reasonable agreement with the
historical water demands (Fig. 6). For example, the actual
Table 8 Irrigation water requirements for 1 ha of land for
different types of crops (modiﬁed after FAO, 1998; SSYB,
2008).
Crop Land under irrigation (ha) Water use (m3/ha)
Wheat 450330 13713
Barley 4554 13560
Fodder crops 151301 39000
Dates 155734 9100
Melons 11528 13560
Watermelons 19455 13560
Other fruits 229423 10100
All vegetables 112163 18000
Figure 6 Water demands for industrial purposes in Saudi Arabia
(Avg: Mean demands; Min: Minimum demands; Max: Maximum
demands; Actual: The historical water demands).
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rahman, 2000b), while the predicted water demand was 604.6
(498.1–714.3) MCM/year (9.9% inﬂated). In 2006, the reported
industrial water demand was 710 MCM/year (FAO, 2009),
while the predicted water demand was 753.2 (610.7–901.1)
MCM/year (6.0% inﬂated). For 2014, industrial water demand
was forecasted to be 930 MCM/year by the MOEP (MOEP,
2010), while the forecast by Eq. (4) was 905.2 (724.3–1094.6)
MCM/year (2.7% lower). This study predicts the demands for
industrial water as 1000 (794.5–1216.4) MCM/year in 2020.
3.3. Agricultural water demand
Agriculture in Saudi Arabia relies on the availability of sea-
sonal water, surface water, valley basins and shallow/deep
aquifers (Alkolibi, 2002). The demands for agricultural water
depend on the extent of agriculture, type of crops and type
of irrigation practices. In Saudi Arabia, the cultivable land
was estimated to be 52.7 million hectares (ha). In 1971, the to-
tal cultivated land was less than 0.4 million ha (MAW, 1992).
In 1992, the cultivated land was expanded to approximately
1.62 million ha (MAW, 1992). The SSYB reported that the to-
tal area of the cultivated lands were 1.11, 1.07 and 1.07 million
ha in 2005, 2006 and 2007, respectively (SSYB, 2008). Most of
the cultivated lands were used for wheat, fodder crops, fruits,
dates and vegetables productions (SSYB, 2008). For example,
approximately 0.489, 0.468 and 0.450 million ha of land were
used for wheat productions for 2005, 2006 and 2007, respec-
tively (SSYB, 2008). Different crops are produced through dif-
ferent irrigation practices (surface irrigation, sprinkler
irrigation and localized irrigation, non-equipped cultivated
wetlands and inland valley bottoms, non-equipped ﬂood reces-
sion cropping area, etc.). Water demands are signiﬁcantly dif-
ferent among various crops and types of irrigations. For
example, 1 ha of land for wheat production requires approxi-
mately 13713 m3 of water, while 1 ha of dates producing land
requires approximately 9100 m3 of water (Table 8). Table 8
demonstrates that water demands per ha of irrigated land
can vary in the range of 9100–39,000 m3/ha (FAO, 1998).
The water demands per ha of irrigated land can be further
changed depending on the type of irrigation (FAO, 2009).
Most of the irrigation water is supplied by groundwater
sources (FAO, 1998).The agriculture sector is the largest consumer of water in
Saudi Arabia, consuming more than 80% of total water de-
mands (MOEP, 2010; Abdurrahman, 2000a; FAO, 1998,
2009). The historical data show that agricultural water de-
mand was 1850 MCM/year in 1980 (Abderrahman, 2000a).
In 1992, agricultural water demands reached to
29826 MCM/year (Abderrahman, 2000a). Since then, a policy
has been undertaken to conserve water in agriculture sector,
which was reﬂected in the following years. The SSYB re-
ported that agricultural water demand was 17530 and
15464 MCM/year in 2004 and 2009, respectively, reﬂecting
a decrease of 2.5%/year (MOEP, 2010). The MOEP has
undertaken a plan to reduce agricultural water demands to
12794 MCM/year in 2014 (3.7%/year decrease). This will be
accomplished by reducing the cultivated area and/or adopting
advanced irrigation practices (MOEP, 2010). Reduction of
agricultural water demands is associated with strategic plan,
which may not reﬂect the natural trends of water demands
in this sector. In addition, policy for the period after 2014
has not been published yet. The long term forecasting of agri-
cultural water demands will have implications from such pol-
icy. To understand the trend of agricultural water demands,
the historical data were analyzed. Using the past data, the
trend of water use has been characterized by the exponential
relationship as:
WDAGR ¼ a ebðZþ1Þ ð5Þ
where WDAGR =Water demands for agricultural purposes
(MCM/year); a= 18287.5 (range: 18018.3–18558.5 as the
95 percentile C.I. value); b= 0.033 (range: 0.029–0.039 as
the 95 percentile C.I. value); Z= Year after 2004. Eq. (5)
was applied to predict the historical and projected water de-
mands. The differences between the MOEP (MOEP, 2010)
and predicted data were between 1 and 6%. It is to be noted
that the Eq. (5) was developed using the data from 2004,
when the policy of water conservation was in practice
(MOEP, 2010). The policy for water conservation for up
to 2014 has been included in this equation. Any future pol-
icy beyond 2014 may guide to necessary adjustment. Further
to this, recent studies have demonstrated that agricultural
water demands might be affected due to climatic change
(Abderrahman and Al-Harazin, 2008; Al-Zawad, 2008). Past
studies predicted an overall increase in the temperature in
the range of 1.8–4.1 C from 2011 to 2050, while an overall
increase in reference evapotranspiration was predicted to be
10.3–27.4% (Chowdhury and Zahrani, 2012). Recent study
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crease agricultural water demands by 2–4% in Saudi Arabia
(Abderrahman and Al-Harazin, 2008). For 5 C rises in the
temperature, an increase in agricultural water demands was
estimated to be 8.3–10.5% in summer and 15.0–18.0% in
winter for Medina, Tabuk and Sulayyil areas (Abderrahman
and Al-Harazin, 2008). Another study reported a possible
increase in agricultural water demands by 5–15% in by
2050. This implies that to achieve the current level of agri-
cultural productions, agricultural water demands will be in-
creased from X MCM/year to 1.05X–1.15XMCM/year
(Chowdhury and Al-Zahrani, 2012). In developing long term
predictive models for agricultural water demands, it is essen-
tial that implications from various factors be adequately ad-
dressed, including:
 Policy on reducing agricultural crop productions in future.
 Implications of climatic change on crop water demands.
 Types of crops, effective cultivated area and crop growing
seasons.
 Type of irrigation (e.g., conventional, equipped or
advanced).
Through better understanding of the implications of these
factors, long term predictive model can be developed in future.
4. Policy for sustainable water resources management
Saudi Arabia needs to act on sustainable water resources man-
agement. The country has started conserving water in agricul-
ture sector. Several other options must also be evaluated.
These include: (i) identifying new sources of water; (ii) maxi-
mizing TWW reuse; (iii) maximizing water conservation; and
(iv) minimizing water loss in the pipelines.
4.1. Identifying new sources of water
The options might include expansion of desalination plants
with appropriate environmental management, importing water
from neighboring countries (water transfer) and direct import
of water as a commodity. Transfer of water has been practiced
in some arid and semi-arid regions. For example, (a) TheFigure 7 Rain water harvesting in a commGreat Man-Made River Project (GMMRP) in Libya, through
which water will be transported from the southern parts to the
northern parts of Libya (Mays, 2011); (b) In China, the south
to north transfer of water from the Yellow, Yangtze and other
rivers (Mays, 2011). In the context of Saudi Arabia, limited re-
sources are available from which water can be transferred
(MOEP, 2010; FAO, 2009). Transporting water from the
neighboring countries might be involved with considerable
risks, cost and maintenance. The locally available solution is
the most dependable one. For water resources management
using local resources, harvesting rainwater might be an emerg-
ing option in Saudi Arabia. Zuhair et al. (1999) reported that
rainwater harvesting could provide a signiﬁcant amount of
freshwater in the Arabian Gulf States. The rainwater is rela-
tively of better quality than the seawater and, possibly better
than the water in some shallow aquifers. In a recent study,
Chowdhury and Zahrani (2012) analyzed 26 years’ (1978–
2003) rainfall data from 30 meteorological stations in Saudi
Arabia. They showed that the averages of rainfall in the north-
ern and southern parts were 70.1 and 264.6 mm/year. The larg-
est quantity of runoff occurs in the south-western region,
which represents approximately 60% of the total runoff in
10% of the land area of the country. The remaining 40% of
the runoff occurs in the far south of the western coast (Taha-
ma), which covers approximately 2% of the total area (FAO,
2009). The relatively heavy rainfall in the southern parts may
provide an opportunity to collect and store water for the coun-
try, which can be transported through the existing and/or addi-
tional pipelines. In addition, direct harvesting of rainwater can
be done through community based residential collection systems.
To harvest rainwater through the community based resi-
dential collection systems, the approach shown in Fig. 7 can
be evaluated. A similar idea can be employed through extend-
ing or constructing the storm sewer systems in the major cities,
while collection of rainwater through combined sewer systems
is not recommended. The combined sewer system may reduce
the efﬁciency of treatment plants in the events of heavy rain-
fall. The individual collection and/or storm sewer system can
collect rainwater from the individual unit as well as open
spaces. The collected water is screened to remove the large
materials (stones, boulders, branches, grass, etc.), which is then
passed through the conveyance pipeline. The water will beunity based residential collection system.
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sedimentation will be performed. After settling, water will be
passed into the storage tank for conservation and/or use. Prior
to making a policy for rainwater harvesting, it is essential that
the related factors be better understood. Some of these factors
include:
 Characterizing rainfall patterns in the south-western
regions of Saudi Arabia.
 Quantifying amounts of rainfall and runoffs that can be
harvested.
 Assessing infrastructure cost for harvesting rain water.
 Forecasting sector wise water demands more reliably such
as, crop water requirements effect of climate change, etc.
 Performing balance analysis through maximizing rain water
use and minimizing groundwater extraction.
 Long term economic analysis should be performed.
4.2. Maximizing TWW reuse
Comprehensive reuse of TWWcan signiﬁcantly support toward
achieving sustainable water resources management. The data
indicate that the generations of domestic wastewatermay exceed
1500 MCM/year, while only 325 MCM/year of TWW was re-
used in 2009. There might be an opportunity to add more than
1000 MCM/year of TWW for reuse in Saudi Arabia. This
amount of TWW can be used to cultivate approximately
72,900 hectares of land for wheat productions (1 hectare wheat
producing land needs 13713 m3 water), which can provide sup-
port toward food security. However, the cost and infrastructure
needed for TWWreusemust be investigated in detail. For exam-
ple, past studies have demonstrated that the costs of secondary
and tertiary treatment in Saudi Arabia may vary in the range of
US$ 0.34–0.75 and US$ 1.19–2.03 per m3, while the costs of
wastewater collection and distribution are US$ 0.15–0.5 and
0.1–0.4 per m3 (Al-Aama and Nakhla, 1995; Kajenthira et al.,
2011). Reuse of TWW may have risks through food chain and
deposition of chemicals in agricultural lands (Chowdhury and
Al-Zahrani, 2013). In contrast, TWW reuse can reduce environ-
mental risks by reducing contaminated water discharges into
natural environments. A better understanding of these factors
might assist in reusing TWW.4.3. Maximizing water conservation
Water conservation is in practice in many countries around the
world. Conservation of water can be introduced by replacing
the ﬁxtures in homes and ofﬁces, and by introducing automatic
systems in public places (e.g., airports). For example: replace-
ments of 15 l/min faucets, 12 l/ﬂush toilets, 22 l/min shower-
heads and 50 gallon/load washing machines with the 8 l/min
faucets, 6 l/ﬂush toilets, 10 l/min showerheads and 22 gallon/
load washing machines, respectively might conserve approxi-
mately 50% water. In the public places, unattended water loss
might be signiﬁcant. Replacement of manual taps by the sen-
sor based taps can reduce the unattended water loss. Public
awareness is also important to maximize conservation of
water. Introduction of tariff on water use might increase public
awareness, where minimal or no levy can be imposed for the
basic water needs per family or residential unit. The unitexpending more water than the limit may be subjected to high-
er levy, which can be employed through staggered levy system.
4.4. Minimizing water loss in the pipelines
Loss of water through water distribution networks can be sig-
niﬁcant. The US Environmental Protection Agency reported
that the loss of water in the water distribution networks might
be in the range of 15.2–35.2% (USEPA, 2009). Further, breaks
in distribution networks can cause signiﬁcant loss. For exam-
ple, approximately 237,600 breaks per year were reported in
the United States leading to approximately US$2.8 billion loss
in yearly revenue (USEPA, 2009). By minimizing the loss in
the distribution networks, signiﬁcant amounts of water can
be saved. Installation of ﬂow meters at major connection
points and joints may assist in detecting the leaks/breaks. Fu-
ture study may look into this option to reduce water loss in the
distribution networks.
5. Summary and conclusions
This study characterized water sources and water demands in
various sectors in Saudi Arabia. The conventional water
sources include the surface water and the renewable and
non-renewable groundwater, while the non-conventional water
resources include desalinated water, treated wastewater and
the rainwater harvesting. Availability of water from different
sources has been investigated. Based on the past data, the
non-renewable groundwater reserves were estimated to be in
the range of 259.1–760.6 BCM, with an effective annual re-
charge of 886 MCM/year. The total renewable internal water
recharge was estimated to be 2.4 BCM/year which includes
992.7 MCM of runoff. The desalination plants produce
approximately 1.06 BCM of water annually. New desalination
plants are being constructed to meet the increasing domestic
water demands. Approximately 40% of the wastewater is trea-
ted in the sewage treated plants, while a signiﬁcant fraction of
the treated wastewater is discharged into Wadies, the Red Sea
and the Arabian Gulf.
The demands for water in domestic and industrial sectors
are increasing, while the demand for agricultural water has
been decreasing. Trends of water demands were investigated.
Nonlinear equations were developed to predict future water
demands in these sectors. The equations effectively predicted
past water uses. The available water resources and trends of
water uses show that the country must think about sustainable
water resources management. The emerging approaches might
include harvesting of rainwater, maximizing treated wastewa-
ter reuse, maximizing water conservation and minimizing leak-
age in the distribution networks. However, prior to
considering these options, a comparison among the other
available options is warranted. There is an immediate need
to understand the overall water resources through comprehen-
sive studies, which can be the starting point for the sustainable
water resources management in Saudi Arabia.Acknowledgement
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